The plant MADS-box regulatory gene family includes several loci that control different aspects of inflorescence and floral development. Orthologs to the Arabidopsis thaliana MADS-box floral meristem genes APETALA1 and CAULIFLOWER and the floral organ identity genes APETALA3 and PISTILLATA were isolated from the congeneric species Arabidopsis lyrata. Analysis of these loci between these two Arabidopsis species, as well as three other more distantly related taxa, reveal contrasting dynamics of molecular evolution between these paralogous floral regulatory genes. Among the four loci, the CAL locus evolves at a significantly faster rate, which may be associated with the evolution of genetic redundancy between CAL and AP1. Moreover, there are significant differences in the distribution of replacement and synonymous substitutions between the functional gene domains of different floral homeotic loci. These results indicate that divergence in developmental function among paralogous members of regulatory gene families is accompanied by changes in rate and pattern of sequence evolution among loci.
Introduction
Developmental processes are largely controlled by regulatory loci that modulate gene expression patterns. Molecular genetic studies have identified a number of loci that regulate developmental processes, and many of these genes have been shown to be members of regulatory gene families. Developmental genetic investigations have demonstrated that these regulatory gene families evolve primarily by gene duplication and divergence (Scott and Weiner 1984; Purugganan 1998) , leading to distinct paralogous loci regulating different aspects of organismal morphogenesis. The evolutionary divergence of gene function among regulatory gene family members provides a mechanism for the elaboration of developmental genetic networks and the increasing complexity of morphological structures. There has thus been continued interest in studying the evolutionary histories and dynamics of developmental regulatory genes, as well as in increasing efforts to investigate the evolution of homeodomain (Zhang and Nei 1996; Bailey et al. 1997) , bHLH (Atchley and Fitch 1995) , myb-class (Rosinski and Atchley 1998) , and other regulatory gene families. It remains unclear, however, to what extent functional diversification among regulatory loci is mirrored by differences in the extent and patterning of sequence evolution between homologous developmental genes.
The plant MADS-box regulatory gene family comprises a group of developmental regulatory loci that encode sequence-specific DNA-binding transcriptional activators (Riechmann and Meyerowitz 1997) . Plant MADS-box proteins are about 240-260 amino acids (aa) in length and are characterized by the presence of a highly conserved 57-aa MADS-box (see fig. 1 ). This MADS-box protein region is widely distributed among eukaryotic genomes within humans (SRF), Drosophila (MEF2C), and yeast (MCM1) transcriptional activators (Pollock and Treisman 1991) . Plant MADS-box proteins also possess a moderately conserved 70-aa domain called the K-box, which may form coiled-coil structures that participate in protein-protein dimerization interactions (Ma, Yanofsky, and Meyerowitz 1991; Riechmann and Meyerowitz 1997) . Plant MADS-box proteins also include the I-and C-regions that are poorly conserved at the sequence level (Purugganan et al. 1995) .
Molecular studies indicate that homo-or heterodimerization of MADS-box proteins is necessary for sequence-specific DNA-binding activity of these transcriptional activators (Riechmann and Meyerowitz 1997) . Domain analyses of Arabidopsis MADS-box proteins indicate that the MADS-box/I-region/K-box sequence (the MIK region) constitutes the functional core domain necessary for both dimerization and DNA binding (see fig. 1 ). Previous molecular studies have demonstrated that at least one Arabidopsis MADS-box transcriptional activator binds its DNA target as a homodimer Riechmann, Krizek, and Meyerowitz 1996; Riechmann, Wang, and Meyerowitz 1996) . Moreover, biochemical studies indicate that the Arabidopsis APETALA3 and PISTILLATA proteins bind to target promoter sequences as a heterodimer (Riechmann and Meyerowitz 1997) . The dimerization domains differ between various MADS-box proteins; in vitro experiments suggest that the MADS-box and the I-region are both necessary for dimerization and that the K-box serves to stabilize protein-protein interactions (Riechmann and Meyerowitz 1997) . Domain deletion studies of the related MADS-box transcriptional activator AG-AMOUS indicates that a protein containing only the MADS-box, the I-region, and the K-box (the MIK region) can form efficient dimers (Mizukami et al. 1996) .
Mutations at several Arabidopsis MADS-box genes result in floral phenotypes characterized by alterations in floral organ development (Bowman, Smyth, and Meyerowitz 1991) . These loci are referred to as floral homeotic genes, and genetic and molecular studies indicate that these loci fall into two broad classes: floral meristem identity genes, specifying inflorescence and floral meristem identity, and floral organ identity genes, defining identities of organs at specific locations in the developing flower (Yanofsky 1995 ) (see fig. 2A ). APE-TALA1 and CAULIFLOWER are two MADS-box mer- (Purugganan 1997). istem identity loci. AP1 and CAL perform partially redundant developmental functions, specifying the identity of the floral meristems flanking inflorescence shoots (Mandel et al. 1992; Bowman et al. 1993; Kempin, Savidge, and Yanofsky 1995) . AP1 appears to possess additional organ identity functions involving sepal and petal differentiation. Phylogenetic studies indicate that AP1 and CAL arose from a recent gene duplication event, as the duplicate CAL locus is found only within the Brassicaceae family (see fig. 2B ) (Purugganan 1997; Lowman and Purugganan 1999) .
The Arabidopsis loci APETALA3 and PISTILLATA are floral organ identity genes required for petal and stamen development (see fig. 2A ) (Jack, Brockmann, and Meyerowitz 1992; Goto and Meyerowitz 1994) . Like AP1 and CAL, AP3 and PI are closely related to one another and arose via a gene duplication event. However, the AP3-PI duplication event occurred before the major angiosperm diversification, considerably earlier than the AP1-CAL duplication (see fig. 2B ) (Purugganan 1997; Kramer, Dorit, and Irish 1998) . Additionally, phylogenetic studies indicate that the last common ancestor of the AP3 and PI group of genes and the AP1/ CAL gene subgroup predates the angiosperm/gymnosperm separation 285 MYA (Purugganan 1997) .
Orthologs to the Arabidopsis floral homeotic genes AP3, PI, and AP1/CAL have been identified in several other angiosperm species (see table 1), including Antirrhinum majus (Scrophulariaceae) (Coen 1991; Saedler and Huijser 1993) and Silene latifolia (Caryophyllaceae) (Hardenack et al. 1994) . In Antirrhinum, the DEFI-CIENS, GLOBOSA, and SQUAMOSA genes are orthologs to the Arabidopsis AP3, PI, and AP1 loci, respectively (Sommer et al. 1990; Huijser et al. 1992; Trobner et al. 1992) . Experiments with Antirrhinum indicate that DEF and GLO are also involved in petal and stamen differentiation in snapdragon flowers, while mutations in SQUA result in the formation of bract-forming shoots in place of flowers. In Silene, a number of MADS-box genes (SLM2-SLM4) have been shown to be orthologs to different Arabidopsis floral homeotic loci (Hardenack et al. 1994; Purugganan 1997) (see table 1 ). Genetic studies among distantly related flowering plant species with distinct floral morphologies suggest evolutionary conservation of basic developmental function between these orthologous floral homeotic loci (Coen 1991 ).
An analysis of the molecular evolution of the MADS-box floral homeotic genes constituting the flower developmental pathway may provide insights into evolutionary patterns that accompany diversification of genes within a regulatory network. This analysis would benefit from the significant amount of structural and functional information on these floral homeotic loci that has been obtained with both genetic and molecular approaches (Riechmann and Meyerowitz 1997) . Moreover, the use of paralogous members of a single regulatory gene family provides a common structural and functional context to compare evolutionary patterns across developmentally distinct loci. In this paper, we describe patterns of sequence evolution among the genes APE-TALA3, PISTILLATA, APETALA1, and CAULIFLOW-ER. By utilizing genes from species that have diverged at various times, one can analyze changes in the rates of molecular evolution across different temporal scales. Our analysis includes comparisons of loci within the Brassicaceae (5-40 Myr divergence times) and among genes found between Brassicaceae, Scrophulariaceae, and Caryophyllaceae species (Ͼ60 Myr divergence) (Crane, Friis, and Pedersen 1995) . a Since the AP1 and CAL genes are duplicated within the Brasicaceae, these loci are orthologous to both Brassicaceae AP1 and CAL.
We find that despite similarities in overall structure and basic functions of these different floral homeotic MADS-box genes, there appear to be significant differences in the rates of nucleotide substitution between functionally distinct loci. Genes that control differing aspects of floral development also show contrasting distributions in sequence changes across structural and functional domains. Altogether, this analysis provides a context for looking at sequence divergence among functionally distinct loci within a developmental regulatory gene family.
Materials and Methods

Isolation and Sequencing of Floral Homeotic Genes
Arabidopsis lyrata seed was provided by C. H. Langley. Tissue for the Arabidopsis thaliana Landsberg erecta ecotype was obtained from single-seed propagated leaf material provided by the Arabidopsis Biological Resource Center.
The Arabidopsis lyrata AP3, PI, CAL, and AP1 genes were isolated by PCR amplification using primers designed from A. thaliana sequences. Miniprep DNA was isolated from young leaves as previously described (Ausubel 1992) . PCR was performed, with 40 cycles of 1 min at 95ЊC, 1 min at 52ЊC, and 3 min at 72ЊC, followed by 15 min at 72ЊC. The error-correcting recombinant Tth polymerase XL formulation (Perkin Elmer) was used to minimize nucleotide misincorporation. The error rate for this polymerase formulation, based on multiple amplification and resequencing of known genes, is less than 1 in 7,000 bp (unpublished data).
The isolation of the A. lyrata CAL gene is reported elsewhere (Purugganan and Suddith 1998) . PCR primers were designed based on genomic sequences provided by M. F. Yanofsky (AP1 and CAL) and E. M. Meyerowitz (AP3 and PI). The AP3-specific primers AP3F (for exon 1 forward) (5Ј-GAATATGGCGAGAG-GGAAGATCC-3Ј) and AP3R (for exon 7 reverse) (5Ј-GCCTTTAAT-TATTCAAGA-AGATGG-3Ј) and the PI-specific primers PI-1F (for exon 1 forward) (5Ј-GAGAAAGA-TGGGTAGAGGAAG-3Ј) and PI-1R (for exon 6 reverse) (5Ј-ATCTCGATGATCAA-TCGATGACC-3Ј) were used in PCR reactions to amplify the A. thaliana and A. lyrata AP3 and PI genes, respectively. The A. lyrata and A. thaliana AP1 genes were isolated as two overlapping fragments. This reaction utilized primers AP1FPCR (5Ј-ATGGGAAGGGGTAGGGTTCA-3Ј) and AP1X2R (5Ј-ATTAATT-CCTGCCACCGATCC-3Ј) for the 5Ј fragment and primers AP1X2F (5Ј-GTAAAA-GGTACTATTGAGAG-3Ј) and (5Ј-AAGGTTGCA-GTTGTAAACGGG-3Ј) for the 3Ј AP1 fragment. Amplified DNA was cloned into pCR2.1 using the TA cloning kit (InVitrogen). DNA sequencing for both genes was conducted with the ABI377 automated sequencer using a series of nine nested internal sense and antisense primers. Cloned genes were sequenced at least twice, and ambiguous sites were visually rechecked from chromatograms. The DNA sequences are available from GenBank (accession numbers AF143379-AF143382).
Data Analysis
Sequences for floral homeotic genes from A. thaliana, Brassica oleraceae, Antirrhinum majus, and Silene latifolia were obtained from GenBank. Sequences between A. thaliana and A. lyrata were visually aligned; more distantly related sequences were aligned using published alignment frameworks for plant MADS-box genes (Purugganan et al. 1995) .
The nucleotide substitution distances between sequences were estimated using the Tajima-Nei model (Tajima and Nei 1984). For coding region sequences, synonymous (K s ) and nonsynonymous (K a ) substitution distances were estimated with Jukes-Cantor corrections (Nei and Gojobori 1986) . The statistical significance of nucleotide substitution distance differences was evaluated using a t-test. Synonymous codon usage for each gene was determined using the MEGA program package (Kumar, Tamura, and Nei 1994) , and the effective number of codons was estimated (Wright 1990) .
Phylogenies of the different floral homeotic genes were estimated using both maximum-parsimony (MP) (Swofford 1993 ) and neighbor-joining (NJ) (Saitou and Nei 1987) techniques. For the MP technique, the heuristic search algorithm with the tree bisection-reconnection procedure of the PAUP program was used (Swofford 1993) with random addition of genes and with the MULPARS and collapse options in effect. Node confidence was assessed with 500 bootstrap replicates of the data. For the NJ analysis, genetic distances were estimated using either the Tajima-Nei distances or nonsynonymous substitution distances. Confidence estimates were assessed with 500 bootstrap replicates of the data. The NJ analysis was undertaken using the MEGA program package.
Nucleotide substitutions were mapped onto the gene phylogenies using MacClade to determine the proportion of molecular change across various gene domains (Maddison and Maddison 1992) . The number of inferred replacement changes along phylogenetic branches was plotted in a sliding-window analysis with a sequential overlapping 25-aa partition. Significance of differences in the distribution of replacement changes at different structural regions between paralog pairs was determined by calculating D i : D i ϭ |proportion of protein 1 Ϫ protein 2 replacement differences within window i| for each sliding window i, and D ϭ max(D i ) over all i sliding window positions. The distribution of D for any pair of proteins was estimated by calculating the maximum sliding window difference for 1,000 permutations of the protein residues.
Contingency tests for independence of coding region substitution categories were conducted using Fisher's exact test to evaluate significance. The coding-region variation was partitioned into functional (core and noncore) domains (Riechmann and Meyerowitz 1997) for separate contingency analyses (Templeton 1996) . The relative-ratio test ) was used to examine locus-by-lineage effects in gene evolution. The test was conducted between gene pairs; for those pairs involving PI, we excluded the B. oleracea sequences. This test was implemented using the program PROPML (Proportional Maximum Likelihood) provided by S. V. Muse (North Carolina State University).
Results and Discussion
Comparison of A. thaliana and A. lyrata Floral Homeotic Genes: Evolution at Short Temporal Scales
This study of the molecular evolution of developmental regulatory genes revolves around two questions: (1) Are there differing patterns of molecular evolution among orthologous developmental genes from species with diverse morphologies and (2) is the diversification of paralogous genes with specialized developmental functions accompanied by divergent patterns of molecular evolution?
Since the structural similarities among MADS-box floral homeotic genes reflect the biochemical similarity in their roles as transcriptional activators (Riechmann and Meyerowitz 1997) , these four regulatory loci should display similar rates and patterns of molecular evolution. Alternatively, divergence in developmental function among these four regulatory loci in various species and different gene lineages may result in species-or lineagespecific variation in rates and patterns of molecular evolution between these developmental control genes (Purugganan 1998). In order to address this issue, the molecular evolution of four paralogous floral regulatory genes was analyzed. We isolated orthologs to the A. thaliana AP1, CAL, AP3, and PI loci from the congeneric Brassicaceae species A. lyrata. Orthologs to these Arabidopsis genes have also been identified in another Brassicaceae species (B. oleracea) as well as in A. majus (Scrophulariaceae) and S. latifolia (Caryophyllaceae) (table 1) .
Neighbor-joining phylogenies of the different loci (see fig. 3 ) are congruent with previously established phylogenies (Purugganan et al. 1995; Purugganan 1997) . The phylogenetic trees also show that the AP1 and CAL genes duplicated before the split of Arabidopsis and Brassica, but after the separation of these Brassicaceae species from Scrophulariaceae and Caryophyllaceae (see fig. 3 ). Comparison between A. thaliana and A. lyrata genes permits an analysis of regulatory gene diversification at relatively short evolutionary timescales (Ͻ5 MYA). The close relationship between A. thaliana and A. lyrata is reflected in the high sequence similarity between genes from these two species, with genomic sequences from the two taxa differing by approximately 3% at the nucleotide level. The intron/exon structures of the floral homeotic genes are also similar between the two species. There are several insertion/deletion (indel) differences within the intron regions of the various loci contributing to differences in genomic sequence lengths between the two Arabidopsis species. The AP1 and CAL orthologs have 90 and 70 indels, respectively, ranging in size from 1 to 127 bp. There are fewer indels in AP3 and PI genes between A. thaliana and A. lyrata. These two floral homeotic genes have 25 and 28 indels, respectively, from 1 to 50 bp in length.
The genes in these two species show similar patterns of moderate codon bias, with the effective number of codons (ENC) (Wright 1990 ) being approximately 56.7 for CAL and 55.9 for AP3 and PI. The AP1 locus in both species displays a slightly higher bias (ENC ϭ 47.3) and is higher than the average for Arabidopsis nuclear genes (Miyashita et al. 1998 ). Since codon bias appears to be correlated with gene expression levels, this suggests that AP1 may be expressed at higher levels in these species than are the three other floral regulatory genes (Sharp and Li 1986) . Indeed, the multiple roles of AP1 in floral meristem and organ identity (and the more limited developmental role of the three other loci) provide support for the hypothesis that the higher codon bias for this gene may be associated with selection for translational efficiency. The rates of sequence substitution at these floral homeotic loci can be directly compared between the two species. The four floral homeotic genes evolve at different rates between the two species (see table 2 ). The Tajima-Nei sequence distance values (K) for three genes (AP1, AP3 and PI) are comparable, ranging from 0.079 to 0.089 nucleotide substitutions per site across the entire gene. In contrast, the CAL locus evolves at a faster rate than the other regulatory loci (K ϭ 0.120, P Ͻ 0.05). The high rate in CAL is the product of a high nonsynonymous substitution rate compared with those of the other loci (P Ͻ 0.05 for AP1 and AP3).
The faster rate of protein evolution for CAL is also reflected in the ratio of nonsynonymous to synonymous substitutions (K a /K s ). The CAL gene has a K a /K s of 0.28, while the other three floral homeotic loci have a K a /K s ratio of 0.13 to 0.16 (see table 1 ). These estimates indicate that the rate of protein evolution is greater for CAL than for the other three MADS-box floral homeotic genes between these two closely related Arabidopsis species. Similar results are seen when A. thaliana and A. lyrata CAL genes are compared with the B. oleracea ortholog (table 2). The accelerated evolution of CAL within members of the Brassicaceae family may reflect its more recent origin within this group. The duplication of CAL and AP1 occurred sometime during the evolution of the Brassicaceae, possibly early in the history of this eudicot family (Purugganan 1997) . Genetic studies indicate a degree of genetic redundancy between AP1 and CAL in floral meristem identity function (Kempin, Savidge, and Yanofsky 1995) . The redundancy of CAL to AP1 may be reflected in the higher rate of evolution for this locus than for the other floral homeotic genes that are presumably under stronger stabilizing selection.
The Floral Homeotic Genes Do Not Display Significant Locus-by-Lineage Effects
Plant genes may evolve at different rates along different species lineages . Several mechanisms, such as generation time, life history, and global mutation rates, will affect all loci within a genome to a similar extent. Alternatively, selective forces affecting individual loci that may vary between different species will result in uncorrelated evolutionary rates along specific taxonomic lineages (Gillespie 1991) . The relativeratio test evaluates whether the rates of molecular evolution are correlated among loci in various species lineages . Locus-by-lineage effects are characterized by uncorrelated variation among loci in the rates of evolution in different species lineages and may reflect variation in selective forces among different genes in different species.
The relative-ratio test does not reject the null hypothesis of correlated rates of molecular evolution among all four floral homeotic loci in different species lineages. The relative ratios of nonsynonymous distances between floral homeotic genes among different species lineages are remarkably similar, implying similar patterns of evolutionary rate among the genes between taxa. This correlation in rates is present even though the different genera utilized in the study (Arabidopsis, Brassica, Antirrhinum, and Silene) display considerable variation in inflorescence form, symmetry and size of flowers, and number, size, and shape of floral organs. This suggests that selection for floral morphological diversification between taxa is not associated with large, statistically significant differences in rates of molecular evolution among these specific taxonomic lineages.
Patterns of Divergence Between Functional Domains
Molecular genetic studies have delineated the functional core sequences of several MADS-box floral homeotic loci. This core region, which encompasses the MADS-box, the I-region, and the first 16 aa of the Kdomain, has been shown to be necessary for dimerization and DNA-binding activities of these proteins (see fig. 1 ) (Riechmann and Meyerowitz 1997) . The noncore region, which includes the 3Ј half of the K-domain and all of the C-terminal region, does not appear to be important for DNA binding. The noncore region, however, includes sequences that may serve as the transcriptional activation domain (Riechmann and Meyerowitz 1997) .
Previous work indicates that the levels of nonsynonymous substitutions are generally higher in the sequence encoding the C-terminal regions of plant MADS-box genes. Calibrated rates of nonsynonymous substitutions in the C-terminal region are found to be 79 ϫ 10 Ϫ10 nonsynonymous substitutions per site per year, compared with 3 ϫ 10 Ϫ10 nonsynonymous substitutions per site per year for the highly conserved MADS-box region, suggesting that the noncore region contains sequence elements that consistently display a greater degree of sequence divergence (Purugganan et al. 1995) . However, mutations in the C-terminal region of several MADS-box genes are known to produce floral homeotic phenotypes (Kempin, Savidge, and Yanofsky 1995) , in- dicating that this domain is required for protein function despite its rapid evolutionary rate. The distributions of nucleotide substitutions between these sequence regions provide information on the differences in selective forces that operate between these two functional domains. Similar selective constraints on all four floral homeotic genes should result in a similar distribution of replacement substitutions between core and noncore domains (Templeton 1996) . A sliding-window analysis plotting the number of amino acid replacements detected within a gene from all five study species indicates that different loci have different patterns of conservation and divergence (see fig. 4 ). Both visual inspection of these graphs and permutation testing suggest that the closely related paralogs CAL and AP1 exhibit nearly identical patterns. This result may reflect both the relatively recent duplication of these loci and the use of the same Silene and Antirrhinum genes as outgroup sequences in the analysis of both CAL and AP1 variation. The paralogs AP3 and PI do show substantial differences from one another. A permutation test indicates that variation between portions of the AP3 and PI I-and C-terminal regions are significant (P Ͻ 0.05). These differences in amino acid replacement patterns suggest that each locus evolves differently despite similarities in overall structural organization between the paralogs.
A contingency analysis was undertaken to test whether relative levels of replacement and synonymous substitutions were similar between functional regions in all floral homeotic genes (Templeton 1996) . These contingency tests indicate that the distribution patterns of nucleotide substitutions differed between floral homeotic loci when A. thaliana and A. lyrata were compared.
The AP3 gene appears to show substantial constraint in both the core and the noncore domains (see table 4). Only 2 of the 6 substitutions in the core domain and 2 of the 10 substitutions in the noncore domain were replacement changes; the differences between core and noncore regions are not statistically significant (Fisher's exact test, P ϭ 0.604). In AP1, CAL, and PI, however, the noncore domain exhibited as many or more nonsynonymous substitutions relative to synonymous substitutions than did the core domains (table 4). The differ- ences between core and noncore domains, however, are significant only for AP1, for which 10 out of 17 differences in the noncore domain are nonsynonymous, while no substitutions in the core region result in amino acid replacements (Fisher's exact test, P ϭ 0.019).
The patterns of nonsynonymous evolution differ between different evolutionary timescales (see table 5 ). In general, the rate of nonsynonymous evolution for the noncore region is approximately two to three times the rate for the core domain when very distantly related species (A. thaliana vs. A. majus or S. latifolia) are examined. This trend does not appear to hold for AP3; the noncore region has half as many nonsynonymous substitutions as the core region in comparisons between A. thaliana and B. oleracea (0.034 and 0.017 nonsynonymous substitutions per site for the AP3 core and noncore domains, respectively), and over longer evolutionary distances, the situation is reversed in AP3.
Evolutionary Dynamics of a Regulatory Gene Pathway
It has been shown in several cases that gene families controlling morphogenesis typically contain both paralogous and orthologous members with diverged developmental functions (Ruddle et al. 1994 ). This variation in regulatory function, however, proceeds in the context of remarkable conservation of structure in key domains within such control loci (Gerhart and Kirschner 1997) . This apparent structural conservation underlies the similarity in biochemical function (e.g., DNA-binding transcriptional activation) among members of a regulatory gene family. These observations suggest that changes in regulatory gene sequences play a secondary role during the evolution of eukaryotic developmental systems and that changes in regulatory gene expression patterns provide the major mechanism by which control genes diverge (Gerhart and Kirschner 1997) .
If differential expression patterns and not the actual sequences of regulatory loci are crucial to the divergent functions, then the evolutionary dynamics of regulatory protein structure should be similar across homologous loci. Our analyses of floral homeotic genes of different taxa indeed suggest that there are no apparent significant differences in the rates of evolution of orthologous plant MADS-box loci. Relative-rate tests do not show any appreciable rate differences between orthologous loci (Purugganan 1997). Moreover, relative-ratio tests do not detect significant floral homeotic locus-by-lineage effects. This indicates that the rates of molecular evolution of different floral homeotic genes are similar across the flowering plant taxa analyzed.
Such similarity in molecular evolutionary rates across different taxonomic lineages is in contrast to the significant variation in floral and inflorescence morphologies displayed by some of the species in this study. This suggests that selective differences between orthologous loci in these different taxa are not manifested in dramatic differences in the rates of nucleotide substitution. This would lend support to the assertion that differential regulation, and not differential structure, may be the major component of regulatory gene evolution (Gerhart and Kirschner 1997) . However, it is also probable that orthologous regulatory genes may be less likely to display significantly different rates of molecular evolution as a result of species-specific variation in selection pressures. For example, if evolutionary changes in the sequences of these regulatory proteins are crucial to interspecific diversification of function, then these changes may be confined to only a few amino acid positions and would not significantly impact the overall between-species nucleotide substitution rates. There is evidence, moreover, for accelerated protein evolution rates in orthologous floral homeotic genes at short timescales in plant adaptive radiations (unpublished data).
While variation in the patterns of molecular substitutions is not evident between orthologous floral homeotic genes among our taxa, there appear to be significant differences in the evolutionary dynamics of paralogous regulatory genes performing distinct developmental functions. The divergence in floral developmental function of the four homeotic genes in this study appears to be accompanied by variation in the patterns of molecular evolution among these loci. Comparisons between the floral homeotic genes found in Brassicaceae species, for example, suggest that at least one locus (CAL) evolves at a significantly higher rate than other paralogous genes. This increased rate of CAL evolution is also observed at nonsynonymous sites, but not at synonymous nucleotide positions, suggesting that variation in the rate of protein evolution that exists among paralogous loci is not merely due to differences in the neutral mutation rates.
Our results also indicate that paralogous developmental regulatory genes may display differences in the patterns of nucleotide substitutions between functional domains, most likely as a result of differences in the selective pressures experienced by each gene. Similarity in selective constraints between loci would be expected to manifest itself in the conservation of nucleotide substitution patterns between functional domains among the four floral homeotic genes. Analyses of the distribution of nucleotide substitutions indicate that molecular changes are not partitioned equally among the functional domains. In general, the AP1, CAL, and PI genes display greater degrees of sequence constraint in the core domain, with the noncore regions showing higher levels of nonsynonymous substitutions. AP3, however, has consistently high levels of sequence constraint across both domains. There are differences in the patterns of substitution despite similarities in developmental function among the loci. The AP3 and PI genes, for example, are both required for petal and stamen development, but the distribution of replacement substitutions between functional domains differs significantly between these two floral homeotic genes.
The emerging picture from this analysis is a contrasting portrait of regulatory gene evolution between paralogous members of a developmental gene family and orthologs of specific genes found in morphologically distinct taxa. Interspecific evolution of these floral regulatory loci does not appear to be associated with striking variation in evolutionary rates between orthologs. Divergence of developmental function between paralogous regulatory loci, on the other hand, appears to be associated with significant differences in the rates and patterns of molecular evolution. Our results suggest that diversification of regulatory gene families by duplication results in the formation of loci with distinct and contrasting evolutionary dynamics.
